Abstract Many rodents exhibit inducible defenses when exposed to chemical cues from mammalian predators. These responses may include delays in sexual maturation, smaller adult body size and decreases in litter size and pup weight. We exposed the hybrid juvenile offspring of field-caught and lab-descended house mice Mus musculus to the chemical cues of mouse-fed or chick-fed kingsnakes, Lampropeltis getula, for 20 days after weaning, to examine the effects of ophidian predator cues on prey development. We hypothesized that these cues would elicit inducible defenses such as alteration of growth rates, and/or the timing of reproductive development in mice. Once mature, the reproductive effort of the mice might also be impacted by producing smaller litter sizes or lighter pups or not reproducing at all. We found no effect of kingsnake cues on any of the measures. These findings support the hypothesis that inducible defenses may have evolved as a strategy to deal with specific predators [Current Zoology 58 (6): 797-804, 2012].
Predation generates strong natural selective pressure, as unsuccessfully avoiding capture results in zero future reproductive fitness for the prey (Lima and Dill, 1990) . This selective pressure is usually at odds with other pressures that an organism must face, such as feeding and mating. For many prey species, the combination of these selection pressures has resulted in specific inducible anti-predator adaptations. If an anti-predator adaptation meets several requirements, it can be classified as an inducible defense: (1) a variable (either temporally or spatially) selective pressure from the predator, (2) a reliable cue that is emitted by of the predator, and is receivable by the prey, and (3) a costly, but effective anti-predator defense (Tollrian and Harvell 1998; Hammill et al., 2008) . The 'reliable cue' is often of chemical origin, for chemosensory cues can indicate the immediate or recent presence of a predator without an actual confrontation (Lima and Dill, 1990; Van Damme and Castilla, 1996) . Inducible defenses can be exhibited as morphological changes, altered physiology and behavior, or shifts in the organism's life history (Harvell, 1990; Tollrian and Harvell, 1998; Kavaliers and Choleris, 2001) . Life history inducible defenses are of special interest, because of the trade-off between survival and reproduction (Frank, 1993; Riessen and Trevett-Smith, 2009; Aránguiz-Acuña et al., 2011) .
Small mammals have exhibited various long-term responses to the chemical cues of predators. As rodents are highly olfactory and have short generation times, they have frequently been used as terrestrial models of inducible defenses (see Apfelbach et al., 2005) . When faced with chemical cues from predators, adult rodents have exhibited breeding suppression (Ylönen, 1989 , Fuelling and Halle, 2004 , the interruption of sexual behavior , and possible death (Kats and Dill, 1998) . Juvenile rodents that have been exposed to a predator may undergo delayed maturation, have reduced gonad weights at puberty, and as adults produce litters that are smaller relative to juveniles that were not exposed to predators ((Ylönen et al., 1992; Heikkilä et al., 1993 , Vasilieva et al., 2000 . In contrast, exposure to predator cues accelerated growth and development in some mammals, and these animals as adults attempted to breed earlier than those that were not exposed to predators (Dahl and Peckarsky, 2003; Saenz et al., 2003) . Most studies on the ecology and function of inducible defenses have used mammals, specifically mustelids, as predators and rodents as the model prey (Tollrian and Harvell, 1998) . Mustelids actively hunt rodents. However, many reptiles, particularly snakes are efficient rodent predators. Yet, snakes may eat infrequently due to adaptations for a low-energy lifestyle (Pough, 1980; Secor and Diamond, 2000) . In addition, many snakes ambush their prey, whereas mustelids actively hunt their prey. Consequently, depending on the predator, rodents may have developed different inducible defenses (Tollrian and Harvell, 1998; Owings et al., 2001 ). To date, most studies have examined the acute behavioral and physiological effects of snake chemical cues on rodents. For example, juvenile, but not adult meadow voles have an analgesic response to ophidian predators (Saksida et al., 1993) , and laboratory mice exhibited acute responses, such as decreased food intake and increased defecation rate in response to the olfactory cues of the rat snake, E. obsoleta (Weldon et al., 1987) . Two strains of inbred house mice Mus domesticus responded to odor cues of the four-lined rat snake, Elaphe quatuorlineata, by increasing their sniffing, self-grooming, and escape behavior; however, no analgesic responses were observed (Dell'Omo and Alleva, 1994) . Sex differences were found in the responses of spiny mice Acomys cahirinus to the olfactory cues from the fecal material, dry shed skin, and bedding of a sand boa, Eryx jaculus. Specifically, males had a much lower pain threshold and exhibited a greater amount of exploratory behavior upon exposure to snake odors (Carere et al., 1999) . Several researchers found that ground squirrels Spermophilus variegates will respond to the presence of a snake within their territory by investigating the intruder, signaling to conspecifics, kicking substrate at the snake, and harassing it (Owings et al., 2001) . Squirrels in wilderness areas are more aggressive towards constricting gopher snakes than towards venomous rattlesnakes (Owings et al., 2001) , and in general, squirrels are more aggressive towards smaller snakes and in cooler temperatures (Owings, 2002) . However, it is possible that inducible defenses are established when juvenile mice are exposed to the chemical cues of a kingsnake, a predator of house mice. We know of no studies that have examined the effects of the chemical cues of kingsnakes on the development of juvenile house mice.
We also do not know if the diet of snakes can affect the inducible defenses of juvenile house mice. Dietary effects on inducible defenses have been well studied in aquatic vertebrates and insects. In a review of anti-predator responses of aquatic vertebrates that were based on chemical cues, Chivers and Mirza (2001) found that in twenty-six papers that reported predator diet during the experiment, in twenty-one the prey responded only to a predator that had been consuming the same prey species. There are also examples of predatory studies using terrestrial insects, in which diet effects occur (Venzon et al., 2000) . Examples of dietary effects in terrestrial vertebrates are scarce (Pillay et al., 2003) , and sometimes the conclusions are contradictory. In studies involving garter snakes as predators, and salamanders and earthworms as prey, one researcher found that salamanders would only respond to the odors of snakes that had eaten conspecifics by avoiding the predator odor (Madison et al., 1999) . In contrast, another researcher found that salamanders would respond by avoiding the odors of both salamander-fed and earthworm-fed snake (Murray and Jenkins, 1999) . It may be reasonable to infer that prey species could determine the diet of a potential predator, as several terrestrial vertebrates can determine what conspecifics have eaten via chemosensory systems (Galef and Wigmore, 1983; Walls et al., 1989) . Therefore, it is possible that prey develop inducible defenses against predators that have consumed prey conspecifics. For example, mice may exhibit a dietary effect by only responding or responding at a significantly greater rate towards a snake that has been fed mice.
In this study, we test the hypothesis that juvenile house mice respond to continuous exposure of chemical cues from the kingsnake by delaying development. That is, they will have lower body weight at maturity, decreased growth rates, and smaller testis volume when exposed to the chemical cues from the kingsnake as an adult relative to those of mice not exposed to kingsnake cues during development, and mice exposed to the cues of kingsnakes that were fed chicks. Finally, we determined if sex differences existed in mice exposed to the cues of kingsnakes during development. Ylönen et al. (1992) suggest that males and females could have opposing responses to predator cues, due to unequal risk from predators based on physiology (such as estrous cycle changes) (Madison, 1978; Cushing, 1984; Cushing, 1985a) , behavior (increased activity during periods of sexual potency) (Cushing, 1985b) , or reproductive strategy and parental investment (Trivers, 1972; Relyea, 2005) .
Materials and Methods

Animals
The predator species in this experiment was the kingsnake Lampropeltis getula. These snakes are constrictors, and they will feed on a wide variety of organisms, including house mice. Nine L. getula were kept in a separate room from the mice. The snakes were housed separately in opaque plastic boxes (30.5 × 30.5 × 61.0 cm) with transparent plastic sliding doors under a natu-ral light cycle (CST). Each snake had access to a hide box, a rough rock, and ad libitum water.
The prey species was the common house mouse. Lab-descended mice were defined as 8 th −10 th generation males and females originally captured at the Meeman Field Station of the University of Memphis. The lab-descended mice were weaned at 4 weeks of age and then housed with a same-sex littermate until they were 6 weeks old. Field-caught mice were defined as mice that were live trapped from multiple sites in Shelby County, TN, USA. Trapped individuals were placed in large transparent plastic cages (45 × 24 × 15 cm) in groups of 8 same-sex individuals for at least one month. None of the field caught females were pregnant when they were captured. After the field-caught animals were housed in same-sex groups for one month, they were separated and paired with an opposite-sex lab descended conspecific; the hybrid F 1 offspring of these pairs were designated "w/l" and used as subjects in our experiments. These paired mice were moved to a different room in the animal care facility and housed in clear plastic cages (12.7 × 18.4 × 29.8 cm) with filtered cage tops to prevent the exchange of chemical cues between cages. Male and female mice were kept together until the female became pregnant. Throughout the study, all mice had continuous access to rodent chow (Purina Rodent Diet #5008, PMI Inc., St. Louis, MO, USA) and water. All mouse cages were lined with wood chip bedding, and were cleaned once a week. Mice were kept on a 14:10 L: D cycle (lights on at 0700, lights off at 2100, CST). We chose to control for the rearing condition of the mice (we had a limited number of field-caught mice and a larger number of laboratory-raised mice) by using offspring of wild X lab mice. Twelve pairs of mice, 6 pairs in which the field-caught male was the sire and 6 pairs in which the lab-reared male was the sire, produced 72 offspring (n = 39 males and n = 33 females). The average litter size was 6.02 ± 2.8 offspring. These F 1 mice were used as the test subjects in this experiment. The w/l mice were weaned at 21 days of age. All weaned offspring were housed individually in clear plastic cages (12.7 × 18.4 × 29.8 cm), containing wood chip bedding, ad libitum water and rodent chow. All cages were fitted with filtered cage tops to prevent odors from adults of both sexes to influence the rate of caloric intake and maturation in the pups (Bronson, 1979; Hamilton and Bronson, 1985, Horton and Rowsemitt, 1992) . The care of all animals and the procedures used in this experiment were approved by the Animal Care and Use Committee at the University of Memphis.
Diets of the kingsnakes
We used shed snake skins (Bogert, 1941) and snake fecal material (Carere et al., 1999; Pillay et al., 2003) as stimuli in this experiment. Initially, the kingsnakes were fed only mice for 5 months. During this period, we collected the shed skins and fecal material of the mouse-fed snakes. After being fed only house mice for 5 months, we switched the diet of the kingsnakes. Kingsnakes were then fed at least one frozen and thawed day-old chick Gallus gallus (obtained from RodentPro.com) each week (unless shedding) for the remainder of the experiment (5 months). The first skin that was shed by each snake after beginning its new diet was discarded, because it could have contained cues from both mice and chicks (which would have presented a mixed predator diet cue to the mice). After the first slough, fecal material and shed skins were collected and stored once again. All shed snake skins were kept in a refrigerator and snake fecal material was kept in a freezer until use. The day before the fecal material was used in the experiment it was removed from the freezer and then placed in the refrigerator to thaw. We checked snake cages once per day for new fecal material and shed skins.
Experimental procedures
After weaning, the w/l mice were singly housed and randomly assigned to one of the following three treatment conditions. The three treatment groups (and their subjects) were: (1) 16 male and 11 female mice were exposed to 1 g of fecal material mixed with wood shavings and a 10.1 cm piece of shed skin of snakes that were fed mice, (2) 12 male mice and 9 female mice were exposed to 1 g of fecal material mixed with wood shavings and 10.1 cm piece of shed skin of snakes that were fed chicks, and (3) 11 male mice and 13 female mice were exposed to 1 g of olive oil-soaked wood shavings and 10.1 × 2.54 cm piece of paper towel soaked in olive-oil (control).
The fecal material mixed with wood shaving (in a Petri dish) and shed skin of the snakes were placed at opposite ends of each treatment mouse's home cages, while the olive oil-soaked wood shavings (in a Petri dish) and the olive oil-soaked paper towels were placed at the opposite corners of each control mouse's home cages. Mice in both the treatment and the control groups were exposed to these stimuli for one hour per day, between 0800 and 1200 h CST, from day 22 until day 41. The mice explored the stimulus odors placed in their cages. The stimulus odors were removed from the cage of the mice each day and replaced with fresh stimuli.
All treatment and control mice were weighed on days 21, 26, 31, 36, 41, 46, 51, 56, and 61 . In addition, male mice had the length and width of their left testis measured with calipers every five days, beginning at post-weaning day 10 (day 31) until the end of the experiment on day 61. The estimated testis volume (ETV = [testis length] × [testis width] 2 ) is highly correlated with testis weight and has been used as an indicator of male sexual maturity (Gorman and Zucker, 1995, Freeman and Zucker, 2001 ).
Statistics
Body weight data was log 10 transformed. All but two transformed data points (Control day 20 -Shapiro-Wilk statistic = 0.891, df = 24, P = 0.014; Control day 35 -Shapiro-Wilk statistic = 0.911, df = 24, P = 0.036) fit a normal distribution. We used a repeated-measures ANOVA (α = 0.05) to analyze the effects of treatment on body weights and estimated testes volumes over time. If a significant interaction was found, a simple main effects analysis (One-Way ANOVA's for each weight measurement, followed by a Tukey's post-hoc test if there is statistical significance) and a test of withinsubjects contrasts were run to determine which groups were significant (α = 0.05). The data were analyzed using SPSS Version 13.0 for Windows.
Reproduction test
The purpose of the reproduction test was to determine if exposure to the snake cues affected the fitness of the F 1 mice. To accomplish this test, we selected at random a small subset of mice (n = 12; 5 mice that were exposed to odors of mouse-fed snakes, n = 7 mice that were not exposed to odors of mouse-fed snakes, control odors). These randomly selected individuals were paired with opposite sex lab-descended conspecifics and placed into clear plastic cages (12.7 × 18.4 × 29.8 cm) with filter cage tops for one month, and allowed to copulate and reproduce. We recorded the number of pairs that copulated and reproduced, as well as the number of pups born to each litter and the weights of the pups at 24 hours old. The production of a litter was compared via a χ 2 test (α = 0.05). The mean litter size and mean pup weights were compared using an independent t-test (α = 0.05).
Results
The ANOVA for body weights revealed a significant interaction between body weight and sex (GreenhouseGeisser F 2.022, 131.398 = 20.644, P < 0.0001) and a significant interaction between body weight, sex, and treatment (Greenhouse-Geisser F 4.043, 131.398 = 2.899, P = 0.024) in the w/l mice. Thus, two separate repeated measures ANOVAs were run (one for each sex). For female mice, the F-statistic was significant over time (Greenhouse-Geisser F 1.969, 59.084 = 492.823, P < 0.0001, Fig. 1) , indicating that the mice were growing. However, there were no significant differences between the growth rates of the w/l mice across treatments 67 .418 = 0.664, P = 0.617, Fig. 1 ). For w/l male mice, the F-statistic was significant over time (Greenhouse-Geiser F 2.013, 70.457 = 790.651, P < 0.0001, Fig. 2) , indicating that the mice were growing. In addition, there was a significant interaction between the treatment and body weight categories (Greenhouse-Geisser F 4.026, 70.457 = 4.264, P = 0.004), indicating that the groups grew at different rates. However, a simple main effects analysis (q 0.05,70,3 ≈ q 0.05,60,3 = 3.399) revealed no significant pair-wise comparisons, indicating that on each given day the mean body weights of the three experimental groups did not differ (Fig. 2) .
There were significant differences over time in the testis size of the w/l male mice (Greenhouse-Geisser F 4.367, 157.228 = 71.370, P < 0.0001), indicating that their testes were growing as the mice got older. There were, however, no significant differences across odor treatment groups in the estimated testis volumes (HuynhFeldt F 10.643, 191 .572 = 1.770, P = 0.064, Fig. 3) .
We found no differences in reproduction between the There were no significant differences between treatments (Repeated-measures ANOVA, P > 0.05).
Fig. 3 Mean (±SD) estimated testis volumes of male Mus musculus in mouse-fed snake odor treatment (mouse), bird-fed snake odor treatment (bird), or olive oil control (control) at weaning (Day 0) and every five days thereafter
There were no significant differences between treatments (Repeated-measures ANOVA, P > 0.05).
F 2 mice, whose parents (the original w/l F 1 mice) were or were not exposed to odors of snakes fed mice. No significant differences were observed in the production of litters by the F 1 mice in the two treatment groups (χ 2 = 1.527, df = 1, P = 0.2165). In addition, the mean pup weights of the F 1 mice between the two treatment groups was similar, 1.45 + 0.2 g (t = 0.219, df = 9, P = 0.8337). There was no difference in the number of pups born per litter among the treatment groups (t = 0.439, df = 9, P = 0.6707); nine-10 pups were born in each litter.
Discussion
We found no effect of snake chemical cues on w/l F 1 mice exposed to the odors of snakes fed mice, the odor of snakes fed chicks, or control odors in any of the following measures: the estimated testis volumes, body weight or reproduction. Overall, our findings support the hypothesis that juvenile mice do not respond to continuous exposure of chemical cues from the kingsnake. Thus, it appears that inducible life history defenses are not elicited by exposure to kingsnakes, though a single or less frequent exposure to snake odors may affect the responses of juvenile mice. A similar conclusion was drawn from research done on grey-sided voles Clethrionomys rufocanus, which were exposed to mammalian predators. These voles exhibited no significant developmental differences between predator-exposure and control groups (Heikkilä et al., 1993) . Additional work with cyclic and non-cyclic bank voles Clethrionomys glareolus found that females, but not males, from non-cyclic populations did not exhibit a response to the predators (Heikkilä et al., 1993) . The authors attributed the non-cyclic bank vole responses to continuous predation rates (Heikkilä et al., 1993 ). Wolff and Davis-Born (1997) also found no significant differences in juvenile recruitment and numbers of reproductively active female voles, but their study was confounded by the presence of other predators, birds of prey, at the field site. Moreover, Wolff and Davis-Born (1997) did not report the diet of the main predator, mink, so their results could have been due to a dietary effect.
The present results show that both adult and juvenile mice lack inducible responses to kingsnakes. Other studies have examined the effects of mammalian predator cues on the subsequent reproduction of juvenile rodents. Vasilieva et al. (2000) found a significant reduction in the offspring of the F 1 generation of hamsters exposed to cat urine. Ylönen and Ronkainen (1994) reported a significant reduction in the number of pairs of voles that produced litters, but no difference in their litter size. However, Starke and Ferkin (unpublished data) conducted a pilot study and found that wild-caught, juvenile house mice (n= 4 per treatment) exposed to the chemical cues of kingsnakes fed mice or fed chicks and mice exposed to the oil control and allowed to breed as adults did not differ in the number of pups produced per litter by the parent generation, the natal sex ratio, and in the production of litters. These preliminary results suggest that house mice may not develop inducible defenses to the chemical cues of kingsnakes; however, a larger sample size is needed to support this speculation.
We offer several potential explanations to account for our findings that juvenile mice lack an inducible defense against kingsnakes. First, it is possible that juvenile mice are unable to detect or discriminate the odors of snakes from other odors. Several studies show that rodents respond to, and are thus capable of detecting and interpreting, odor cues from reptilian predators (Weldon et al., 1987; Dell'Omo and Alleva, 1994; Carere et al., 1999) . Thus, it seems unlikely that our results were caused by the inability of mice to detect predator cues, or the lack of variable predation pressure. A second possible reason for the lack of response in the w/l mice is that these rodents may not possess an inducible defense against snake predators because the costs of long term responses are too high when compared to the benefits (i.e., Frank, 1993; Hammill et al., 2008) A third explanation could be that mice do not consider the chemical cues of snakes to represent a threat because the low metabolic rate of reptiles allows them to consume food much more infrequently than an endotherm of similar size. However, the kingsnakes in this study would kill and consume prey items as frequently as they were offered. In addition, although the ectothermic nature of snakes means that they do not need to consume prey as often as mammals, it also means that a hungry snake can survive in any environment for a much longer period of time than an unfed mustelid mammal, and thus could represent a great continual risk over an extended time period. Therefore, free-living populations of rodents could receive chemical cues from snakes that last for brief irregular intervals, or exist continuously over long periods of time, and any odor exposure treatments that fit this regimen should be considered ecologically relevant. It is also unreasonable to assume that a mouse would only encounter the chemical cues of a snake once in its lifetime. Female snake condition and survival after breeding have been linked to prey abundance and feeding rates (Shine and Madsen, 1997) , so although mice have relatively short life spans when compared to many reptiles, a healthy snake would still feed on several occasions during a mouse's life. Thus, snake cues should be considered a relevant threat to small rodents, and the lack of a developmental response could be interpreted as the optimal response to a reptilian predator.
Another potential reason why there was not an inducible effect observed in our mice may be because the juvenile mice were offspring of laboratory-reared and wild-caught parents. In that one parent of each mouse had been in captivity for several generations, and away from predation pressures, which may have caused the loss of a plastic response in these individuals. If female body weight reduction carries a reproductive cost, for instance, requiring a decrease in litter size, then the maintenance of an inducible response would have been selected against. In addition, the out-crossing of lab-descended mice with wild strains could have resulted in a phenotype that was uncharacteristic of either original population. Therefore, it is possible that the responses we found could have been due to the effect of mating between wild-caught and laboratory-raised parents. It may be that only wild mice display anti-predator responses associated with reproduction. However, this seems unlikely. We have preliminary data from offspring of a pairing of wild x wild mice, suggesting that they also do not display changes in growth rate and reproductive behavior when they are exposed to odors of kingsnakes fed mice or the oil, control odor (Starke & Ferkin unpublished observation). It is difficult to imagine that 8-10 generations of captive breeding is sufficient to cause house mice to not display an inducible defense against an ophidian predator. Moreover, the same logic can be applied to species that display inducible defenses in response to particular predators (Relyea, 2005) . Studies using prey that had been isolated from predators for some time (Rattus norvegicus, Bramley et al., 2000) , or prey from rodent populations that had historically low predation rates (Clethrionomys rufocanus, Fuelling and Halle, 2004) , reported that anti-predator adaptations did not disappear. In addition, researchers found developmental responses to mammalian predators in a population of red voles Clethrionomys rutilus, which had been maintained in captivity for approximately 20 years and out-crossed only at irregular intervals (Heikkilä et al., 1993) . As predation represents a strong selective force, and isolated feral populations have exhibited anti-predator responses, it seems unlikely that genetic drift would have eliminated such responses to particular predators.
Our findings suggest that in mice, inducible defenses may have evolved as a strategy to deal with particular mammalian predators but not to kingsnsakes, an ophidian predator. The outcomes of other experiments examining reproductive and developmental inducible defenses have varied widely. Populations of the same species have exhibited different responses to predator cues. Mathematical modeling of reproductive inducible defenses has indicated that the effects of a response can vary from stabilizing to destabilizing, depending on the density, dependent growth rates of all populations in-volved (Frank, 1993; Kokko and Ruxton, 2000) . Therefore, it appears that while predators are necessary for inducible reproductive responses, they are not always sufficient to induce those responses. This speculation and our results support Afelbach and colleagues (2005) contention that each predator-prey system appears to be different and there may be little use in trying to make generalizations about large groups of taxa.
